Introduction {#S1}
============

The BCR-ABL negative myeloproliferative neoplasms (MPNs) are among the most common hematologic malignancies in the US with a prevalence of at least 130,000-150,000([@R1]). MPNs, including polycythemia vera (PV), essential thrombocythemia (ET) and primary myelofibrosis (PMF), arise in genetically transformed hematopoietic stem cells that retain the capacity for multi-lineage differentiation and effective myelopoiesis. In 2005, a novel activating mutation involving the Janus kinase 2 gene (*JAK2*), which resulted in expression of the V617F activated mutant, was identified in a substantial fraction of patients with all three subtypes of MPNs ([@R2]-[@R6]). This discovery led to significant developments in the diagnosis of MPNs and the advent of novel therapies ([@R7], [@R8]).

JAK2 V617F as well as exon 12 mutant alleles seen in *JAK2V617F*-negative MPN lead to enhanced JAK2 kinase activity and cytokine-independent growth of primary cells and cell lines. Mutations in *JAK2* are associated with the vast majority of cases of PV and up to 50% of patients with ET and PMF ([@R9]). Sequencing of cytokine receptors in MPN patients lacking a *JAK2* mutation led to the discovery of somatic mutations at codon 515 of the thrombopoietin receptor (MPLW515L) in ET (8% of patients) and PMF (10-15% of patients) ([@R10], [@R11]). Similar to the JAK2V617F mutation, expression of MPLW515L leads to cytokine-independent growth of murine and human hematopoietic cells and constitutive activation of the JAK/STAT pathway ([@R10]). In a murine retroviral transplant model, MPLW515L resulted in abnormal megakaryocyte expansion and myelofibrosis ([@R10]), in contrast to the PV phenotype seen in recipients of JAK2V617F-transformed hematopoietic cells ([@R12]-[@R15]). It should be noted that no significant differences in overall or leukemia free survival was noted among *JAK2* mutated *MPL* mutated, or *JAK2*/*MPL* unmutated patients ([@R16]). Apart from mutations in *JAK2* and *MPL*, MPN cells harbor mutations in *TET2*, *ASXL1*, *SF3B1*, *EZH2*, *IDH*, *DNMT3a*, among others, and that the presence of some of these mutations affect outcome ([@R17]-[@R20]).

Until very recently, management strategies for the MPNs were largely empiric, and depending on the phenotype, consisted of anti-platelet therapy, phlebotomy, hydroxyurea, androgens, anagrelide, immunomodulatory agents, erythropoietin stimulating agents and IFN-α. Recently, the FDA approved the small molecule Ruxolitinib as the first oral JAK inhibitor in patients in myelofibrosis. In clinical trials, Ruxolitinib reduced splenomegaly and improved constitutional symptoms, however, was associated with the development of anemia and thrombocytopenia in a significant subset of MF patients ([@R8], [@R21]). A number of other JAK inhibitors are in varying stages of pre-clinical and clinical development ([@R22], [@R23]). While as a group JAK inhibitors suppress kinase activity in vitro, they show varying effects on *JAK2* mutant allele burden in patients and none has been shown to eliminate the malignant clone in an animal model of MPN ([@R15]) or in patients. Thus, although JAK inhibitors provide relief of many MPN associated pathologies, they are not curative and should be used in a select group of MF patients whose symptoms justify the need for JAK inhibitor therapy ([@R24]).

While much of the research to date has focused on the activation of JAK/STAT signaling in MPN patients, other pathways downstream of the class I cytokine receptors, including PI3K/AKT are also prominently activated in JAK2V617 and MPLW515L induced MPNs ([@R10], [@R25]-[@R29]). Of note, dependence of tumor cells on PI3K/AKT signaling has been observed in several oncogenic networks. For example, the PI3K/AKT pathway is required for BCR-ABL induced leukemia in animal models of Ph+ B-ALL ([@R30]). Moreover, PI3K/AKT/mTOR inhibitors have been shown to effectively and selectively target MPN cells ([@R31], [@R32]), leukemia cells ([@R33], [@R34]) and solid tumors in pre-clinical and/or clinical studies ([@R35], [@R36]).

Here, using MPN cell lines and patient specimens, we show that inhibition of PI3K/AKT signaling with the selective AKT inhibitor MK-2206 induces proliferative arrest and apoptosis of MPN cells in vitro and reduces MPN tumor burden in vivo. We also demonstrate that MK-2206 and Ruxolitinib cooperate to suppress the growth of SET2 cells that harbor the JAK2V617F mutation, suggesting that combining these two agents represents a rational therapeutic strategy for MPNs with sufficient rationale to support clinical investigation.

Materials and Methods {#S2}
=====================

Reagents {#S3}
--------

MK-2206, 8-\[4-(1-aminocyclobutyl)phenyl\]-9-phenyl-1,2,4-triazolo\[3,4-*f*\] \[1,6\]naphthyridin-3(2*H*)-one hydrochloride \[1:1\], was generously provided by Merck. For *in vitro* experiments, 10 μM stock solutions of MK-2206 were formulated in DMSO and subsequently diluted in RPMI-1640 media for HEL and SET2 cells. All other compounds were purchased from either Sigma or Calbiochem. Antibodies used for Western blotting included phosphorylated and total AKT, PRAS-40, and BAD (Cell Signaling).

Cell lines and retroviral transduction {#S4}
--------------------------------------

HEL and SET2 cells ([@R37]) were grown in RPMI-1640 with 10% fetal bovine serum (FBS). 293T cells were grown in DMEM with 10% FBS. Transient transfection of 293T cells and generation of retroviral supernatant were performed using Fugene (Roche, New Jersey, United States) according to manufacturer\'s guidelines.

Analysis of growth, cell cycle and apoptosis {#S5}
--------------------------------------------

Logarithmically growing cells were seeded in a 48-well plate and exposed to the designated concentrations of MK-2206 for 48 hours and viable cells were quantified by Trypan blue staining. Values were transformed to percent inhibition relative to vehicle control (0.1% DMSO) and EC50 curves were fitted according to non-linear regression analysis of the data using PRISM Graphpad. For proliferation assays, cells were labeled with 30 μg/ml bromodeoxyuridine (BrdU) for 30 min, fixed with 2% paraformaldehyde (PFA) for 10 min at room temperature, permeabilized with ethanol (400 μl of 150 mM NaCl, 850 μl of 100% ethanol) for 30 min on ice, and fixed (1% PFA and 0.1% Tween 20 in Hanks balanced salt solution) overnight at 4°C. After permeabilization, cells were treated with 30 μg DNAse for 1 hr at 37° C, stained with Alexa 647-labeled anti-BrdU antibody for 1 hour at room temperature, and DAPI was added before analysis with flow cytometry. For annexin V staining, cells were incubated with an annexin V-Cy5 antibody (BioVision) in staining buffer (10 mM HEPES, 140 mM NaCl, 2.5 mM CaCl~2~, pH 7.4) for 10 min. The viability dye Sytox-blue was added before the cells were assayed for apoptosis and necrosis by flow cytometry. Flow cytometry was performed on an LSRII (BD), and data were analyzed with FlowJo software (Tree Star, Ashland, OR).

Patient samples {#S6}
---------------

Use of MF samples was approved by the IRBs at Northwestern University and the Mayo Clinic. Peripheral blood was collected from PMF patients in EDTA tubes and mononuclear cells were separated on a ficoll gradient. Mononuclear cells were washed with serum-free IMDM and depleted of red cells before CD34^+^ cells were purified by immuno-magnetic beads conjugated with anti-CD34 antibody (Miltenyi Biotec). CD34^+^ cells were cultured in HPGM in the presence of recombinant human SCF (25 ng/ml), TPO (20 ng/ml) and FLT-3L (10 ng/ml) for 48 hrs to allow expansion. 1500 (CFU-M and BFU-E) or 5000 (CFU-MK) cells were then plated in methylcellulose-based colony assays (Methocult H4435, Stem Cell technologies) in the presence of 1-10 μM MK-2206 or DMSO (0.1%) and scored for CFU-GM and BFU-E colonies on days 11-12 respectively. In parallel 5×10^3^ CD34^+^ cells were plated in CFU-MK colony assays in collagen-based media (Megacult-C \#04901) in chamber slides in the presence of 1-10 μM MK-2206 or DMSO (0.1%) and scored after 14 days by staining with an anti-CD41 antibody. The levels of significance for the differential sensitivities of PMF versus normal cell colony assays were determined by ANCOVA.

Murine model of MPN {#S7}
-------------------

The MPLW515L bone marrow transplants were performed as previously described ([@R10]). Briefly, bone marrow cells were harvested from 5-FU pre-treated female Balb/c donor mice and transduced with viral supernatants containing MSCV-MPLW515L-GFP. 500,000 bone marrow cells were then injected into the tail veins of irradiated recipient mice along with 100,000 support cells from healthy Balb/c mice. Tail bleeds were performed at day 21 to document disease as measured by \>50% GFP positivity in the peripheral blood and elevated WBC counts. Mice were then randomized into 3 groups (n=8/group) and treated with vehicle or MK-2206 at 60 mg/kg or 120 mg/kg for 2 weeks and then euthanized. The drug was administered by oral gavage once daily on a Mon-Wed-Fri schedule. All mice were treated for 14 days or until any one of several criteria for sacrifice was met, including severe lethargy or loss of \>20% of body weight. After sacrifice, peripheral blood was collected and peripheral counts were measured on a HemaVet 950FS (Drew scientific). Sternum, liver and spleen samples were fixed in formalin and then embedded in paraffin for histopathology. H&E staining was performed by the pathology core. Immunohistochemistry was performed for Von Willebrand Factor using the Dako A0082 antibody. For flow cytometry, bone marrow and spleen cells were washed and stained in PBS+0.1% BSA buffer. Antibodies used included CD41-DyLight 649 (Emfret), CD42-PE (Emfret), Mac1-APC and Gr1-PE (BD Bioscience). A separate cohort of 9 mice was transplanted with malignant cells for pharmacodynamic studies. These mice were randomized into 3 groups (n=3/group) and treated with vehicle or MK-2206 at 60 mg/kg or 120 mg/kg for 1 week and then euthanized 24 hours after the last dose. Whole bone marrow and spleen lysates were used for western blot analysis. Three other cohorts of 4 mice each were treated with vehicle or MK-2206 at 60 mg/kg or 120 mg/kg for 2 weeks and then euthanized 24 hours after the last dose to evaluate the effect on hematopoiesis in healthy animals. Animal studies were approved by the Northwestern University Institutional Animal Care and Use Committee.

Results {#S8}
=======

MK-2206 induces cell cycle arrest and apoptosis in JAK2V617F cell lines {#S9}
-----------------------------------------------------------------------

MK-2206, a highly selective non-ATP competitive allosteric AKT inhibitor ([@R38]), is orally bioavailable and has demonstrated excellent tolerability in clinical trials in the solid tumor setting ([@R36]). To better understand the consequences of AKT inhibition in MPNs, we cultured human HEL and SET2 cells that harbor the JAK2V617F mutation. We treated these lines with increasing doses of MK-2206 and enumerated live cells at 24 and 48 hours respectively by Trypan blue staining. We found the 50% effective concentration (EC50) to be 4.1 μM for SET2 cells and 1.0 μM for HEL cells and ([Fig. 1A and B](#F1){ref-type="fig"}). Next, to determine how MK-2206 reduced the growth of these cell lines, we assayed the effects of this inhibitor on cell cycle distribution, proliferation and induction of apoptosis. We observed a significant induction of necrosis in SET2 cells at doses above 1 μM, as determined by Annexin V/Sytox staining with the percentage of viable cells to less than 25% at 5 μM ([Fig 1C](#F1){ref-type="fig"}). HEL cells also showed a dramatic induction of apoptosis and necrosis at doses above 1 μM ([Fig 1D](#F1){ref-type="fig"}). In addition to a significant effect on cell death, we observed a dose-dependent cell cycle G0/G1 block in HEL cells treated with MK-2206, as assayed by BrdU staining ([Fig 1E](#F1){ref-type="fig"}). Together, these results suggest that induction of apoptosis and cell cycle arrest are an important basis of the observed cellular effect of MK-2206 in the HEL and SET2 cell lines.

MK-2206 inhibits PI3K/AKT signaling in MPN cells {#S10}
------------------------------------------------

To assess the effects of AKT inhibition on signaling pathways, we extracted protein from HEL cells and primary human CD34^+^ cells from a PMF patient, treated the cells with MK-2206 and then performed western blot analysis. Treatment of HEL cells with MK-2206 for 6 hours blunted phosphorylation of AKT at concentrations as low as 1 μM ([Fig 2A](#F2){ref-type="fig"}). Concomitant with the striking decrease in pAKT, we also observed inhibition of the downstream signaling molecule pPRAS-40. There was also a decrease in the phosphorylated form of the pro-apoptotic protein BAD, whose phosphorylation at Ser136 is dependent on the PI3K/AKT pathway. Dephosphorylation of BAD is required for its release from sequestration and induction of apoptosis. Of note, we also saw diminished p-AKT levels in peripheral blood CD34^+^ cells obtained from a PMF patient after exposure to a 1 and 5μM MK2206 for 6 hours. This result confirms that MK-2206 targets AKT in human MPN cells ([Fig. 2B](#F2){ref-type="fig"}).

Sensitivity of human MPN progenitors to MK-2206 {#S11}
-----------------------------------------------

We next cultured peripheral blood CD34^+^ cells from PMF patients harboring the JAK2V617F mutation or mobilized CD34^+^ cells from healthy individuals in methylcellulose assays in the presence of a dose titration of MK-2206. We found that exposure of these cells to MK-2206 led to a dose dependent inhibition of colony formation ([Fig. 3](#F3){ref-type="fig"}). Interestingly, while we observed that CFU-M derived from PMF cells were significantly more sensitive than their normal counterparts (p=0.022), and BFU-E from PMF tended to be more sensitive (p=0.068), CFU-MK formation was inhibited in PMF and control cells in a similar fashion. These findings suggest that megakaryocytes are more dependent on AKT signaling than other lineages. This observation is consistent with the existence of crucial crosstalk between AKT and Notch in megakaryocyte specification ([@R39])

MK-2206 reduces disease burden in a mouse model of myelofibrosis {#S12}
----------------------------------------------------------------

To assess the in vivo efficacy of MK-2206, we first evaluated the impact of the drug on hematopoiesis in healthy Balb/c mice (n=4) at doses of 60 and 120 mg/kg and compared the phenotype to vehicle-treated controls. After 2 weeks of treatment, the mice were healthy with no changes in body weight and no changes in peripheral blood counts ([Supplemental Fig S1](#SD1){ref-type="supplementary-material"}). These results are consistent with human phase I/II data that show that MK-2206 is not myelosuppressive ([@R36]). This result also indicates that although CFU-MK was inhibited by MK-2206, treatment of healthy mice did not result in thrombocytopenia.

We next tested whether MK-2206 is efficacious in an in vivo model of MPLW515L associated myeloproliferative neoplasm. Transplantation of MPLW515L expressing Balb/c hematopoietic progenitor cells into lethally irradiated recipient mice leads to a phenotype that has several features in common with primary myelofibrosis, including peripheral leukocytosis, hepatosplenomegaly, megakaryocyte expansion and reticulin deposition in the marrow and sites of extramedullary hematopoiesis ([@R10]). At day 21 after transplantation, the mean white blood cell count (WBC) for the entire cohort exceeded the normal range for Balb/c mice. Mice were then randomized into 3 groups (n=8/group) and treated with vehicle or MK-2206 at 60 mg/kg or 120 mg/kg for 2 weeks by oral gavage once daily on a Mon-Wed-Fri schedule. After 2 weeks of treatment, mice were euthanized and evaluated for disease. Treatment with MK-2206 led to a significant reduction in liver and spleen size in the higher dose treatment group compared to vehicle-treated mice ([Fig. 4A](#F4){ref-type="fig"}). Treatment also resulted in a reduction in the median WBC count in the peripheral blood from 73.6 ×10^3^ in the vehicle-treated group to 20.4 ×10^3^ in the 60 mg/kg dosed group and 18.9 ×10^3^ in the 120 mg/kg dosed group ([Fig 4B](#F4){ref-type="fig"}). Two of the treated animals displayed WBC counts much higher than other mice in the study for reasons we don\'t understand. If these outliers were excluded, the differences between the treated and untreated groups would be statistically significant (p=.043, Mann-Whitney test). Staining of peripheral smears confirmed a reduction in circulating immature erythroid cells and granulocytes ([Fig 4C](#F4){ref-type="fig"}). These biologic effects correlated well with the pharmacodynamic effect of the drug assessed by immunoblot, showing inhibited phosphorylation of AKT at Ser473 and Thr308 in the bone marrow of MPLW515L transduced mice treated with MK-2206 at 60 and 120 mg/kg for 7 days ([Fig 4D](#F4){ref-type="fig"}). Platelet and red cell counts, as well as the body weights remained largely constant throughout the experiment ([Supplemental Fig S2](#SD1){ref-type="supplementary-material"}).

MK-2206 inhibits megakaryocyte expansion in MPLW515L recipient mice {#S13}
-------------------------------------------------------------------

The composition of the bone marrow and spleen of MPLW515L recipients treated with vehicle or MK-2206 were analyzed by flow cytometry after staining for myeloid precursors with Mac-1 and Gr-1, and megakaryocytes with CD41 antibodies. We observed an expansion of CD41^+^ cells in the bone marrow of transplanted mice that was significantly reduced by MK-2206 treatment ([Fig. 5A, B](#F5){ref-type="fig"}). In contrast, no significant changes were seen in the mature myeloid populations in the bone marrow after treatment for 14 days ([Fig 5B](#F5){ref-type="fig"}). Histologic evaluation of the bone marrow, liver, and spleen revealed extensive extramedullary hematopoiesis with effacement of liver and spleen architecture and hypercellular bone marrow with granulocyte hyperplasia in transplanted mice. Of note, there was a visible reduction in megakaryocytic expansion in the liver, spleen and bone marrow of mice that received the higher dose of 120 mg/kg MK-2206 ([Fig 5C-E](#F5){ref-type="fig"}). This effect was confirmed by immunohistochemical staining with an antibody against von Willebrand Factor (vWF). In addition we performed reticulin staining on bone marrow slides, which were scored on a scale ranging from 0-3 independently by a pathologist who was blinded to the randomization groups (S.G.). We noted a reduction in the severity of fibrosis with vehicle-treated mice exhibiting an average score of 1 while the 120 mg/kg MK-2206 treatment group score reduced to 0.57 (n=7 mice per group). Of note, none of the drug treated mice had a score \>1, whereas grade 2 fibrosis was seen in 2/8 vehicle treated mice.

MK-2206 synergizes with the JAK inhibitor Ruxolitinib in MPN cells {#S14}
------------------------------------------------------------------

Given the toxicities of Ruxolitinib on erythroid cells and megakaryocytes and the absence of this effect of MK-2206 in our mouse study, use of a lower dose of a JAK inhibitor in combination with MK-2206 may have a more beneficial effect in patients. To investigate the potential for combining these therapies, we cultured SET2 cells with a range of doses of Ruxolitinib and MK-2206 spanning the EC50 for both drugs and then counted live cells by trypan blue exclusion. At all doses tested, the combination was synergistic, based on combination index (CI) calculations ([Fig 6A](#F6){ref-type="fig"}; note CI\<1 indicates synergy). Co-treatment with MK-2206 and Ruxolitinib synergistically induced apoptosis and necrosis of the SET 2 cells ([Fig. 6B](#F6){ref-type="fig"}). These data suggest that combining these two agents may provide therapeutic efficacy at lower doses of Ruxolitinib.

Discussion {#S15}
==========

In pre-clinical studies, JAK2 inhibitors reduced the proliferation of JAK2^V617F^ and MPL^W515L^ mutant cells and attenuated disease development in murine models of MPN ([@R40]-[@R43]). Early clinical trials in patients with myelofibrosis resulted in clinical improvement, although the effects on the burden of *JAK2* mutant clone were less impressive than anticipated ([@R8], [@R22], [@R44]). Moreover, given that JAK2 is essential for normal hematopoiesis ([@R45]), treatment with JAK2 inhibitors has been limited by hematologic toxicities, including anemia and thrombocytopenia.

With the realization that Ruxolitinib, although effective at relieving many symptoms of myelofibrosis, is not a cure for MPNs, there is a great interest in the development of improved JAK2 inhibitors and combinatorial therapies that target the disease. Compounds that have demonstrated single-agent efficacy in clinical trials include immunomodulators such as pomalidomide ([@R46]), which alleviates the anemia associated with myelofibrosis, and drugs that affect remodeling of chromatin such as Givinostat ([@R47], [@R48]). Pre-clinical studies of other HDAC inhibitors, including Panobinostat, for MPN have also shown promising results, but have been associated with myelosuppression, in particular thrombocytopenia ([@R28], [@R49]). Oncoproteins such as JAK2^V617F^ are dependent on the chaperone function of heat shock protein 90 (hsp90) and this has also been validated as a therapeutic target in MPNs ([@R50], [@R51]). Moreover, in a recent phase I/II study of the mTOR inhibitor Everolimus, patients with myelofibrosis showed improvement in splenomegaly, systemic symptoms, and pruritus, reproducing many of the effects seen with JAK inhibitors ([@R52]). Myelosuppression was modest, and hematologic toxicity was mainly represented by a grade 2/3 reversible decrease of hemoglobin. Of note, in pre-clinical studies other groups have found that PI3K/mTOR inhibitors show effective against MPN cells alone and in combination with Ruxolitinib ([@R31], [@R32]).

The PI3K/AKT pathway is frequently activated in human cancers and plays a critical role in cell growth, proliferation, survival, apoptosis, and autophagy ([@R53]). Here we confirm that the PI3K/AKT pathway is activated in the myeloproliferative neoplasms downstream of both JAK2V617F and MPLW515L, and further, that MPN cells are dependent on this pathway for proliferation, survival and clonogenic expansion. The novel allosteric AKT inhibitor MK-2206 has demonstrated cytotoxic activity against T-ALL cell lines and patient primary cells ([@R54]) and synergism with epidermal growth factor receptor inhibitors, such as erlotinib or lapatinib in breast cancer cells ([@R38]), with gefitinib in malignant glioma ([@R55]) and with MEK inhibitors in non-small cell lung cancers ([@R56]). The added benefit of an allosteric inhibitor of AKT rather than an ATP-competitive inhibitor is reduced off-target effect. Indeed, the first phase I trial of this drug in solid tumors showed no hematologic toxicity and was very well tolerated ([@R36]). Of note, we observed no overt hematologic toxicity with MK-2206 in healthy mice. Our studies further demonstrate that MK-2206 synergizes with the JAK kinase inhibitor Ruxolitinib in vitro in a JAK2^V617F^ mutant cell line.

MPNs are characterized by extramedullary hematopoiesis with abnormal megakaryocyte morphology and hyperplasia. PMF hematopoietic progenitor cells have demonstrated an increased ability to generate megakaryocytes and a decreased rate of apoptosis ([@R57]). In our studies, MK-2206 dramatically suppressed megakaryocyte colony formation from PMF CD34^+^ cells, although it also showed activity against CFU-MK from healthy progenitors. We surmise that this is due to a strong requirement for AKT in megakaryocyte specification ([@R39]). MK-2206 also shows activity against megakaryocytic leukemia cell lines ([@R58]). Of note, selectivity for MK-2206 on malignant hematopoiesis has been noted by others, such as one study that found MK-2206 had a minimal effect on the proliferation of peripheral blood CD4+ T cells and clonogenic potential of cord blood CD34+ cells from healthy donors ([@R54]). Moreover in our murine model of MPL^W515L^ induced myelofibrosis, treatment with MK-2206 decreased extramedullary hematopoiesis, reduced megakaryocyte expansion in the bone marrow, and reduced the severity of reticulin fibrosis in the marrow without inducing peripheral cytopenias. Moreover, this same treatment course had no overt effect on hematopoiesis in healthy mice.

Together, our findings establish AKT as a rational therapeutic target for the treatment of patients with MPNs. As we become cognizant of the limitations of anti-JAK therapy, inhibition of AKT kinase activity may emerge as an important therapeutic option. Finally, because MK-2206 has already shown excellent tolerability in phase I trials for solid tumors, clinical trials of MK-2206 in combination with Ruxolitinib should be considered in MPN patients.
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![MK-2206 inhibits cell growth by inducing cell cycle arrest and apoptosis in HEL and SET2 cells\
SET2 **(A)** and HEL **(B)** cells were cultured with a range of doses of MK-2206 from 0 to 10 μM. Live cells were enumerated at 48 hours using trypan blue staining and the 50% effective concentration (EC50) was calculated using Graph-Prism software. **(C,D)** Induction of apoptosis and necrosis across a range of concentrations of MK-2206 was assessed in SET2 (C) and HEL (D) cells at 24 hrs using Annexin V surface expression and Sytox-blue permeability dye. Means +/- SD are shown, n=3. **(E)** BrdU/DAPI staining of viable HEL cells treated with MK-2206 for 24 hours at concentrations from 0 to 10 μM. Representative plots (left) and bar graph of means (n=4) +/- SEM (right), are shown. \*\*p\<0.01](nihms549957f1){#F1}

![Treatment with MK-2206 reduced the level of PI3K-AKT signaling in MPN cells\
**(A)** HEL cells were treated with increasing concentrations of MK-2206 for 6 hours and extracts from these cells were subjected to immunoblot analysis for phosphorylated (p) or total forms of proteins associated with the PI3K/AKT signaling pathways. **(B)** AKT phosphorylation was assessed in PMF CD34+ cells treated with 1 μM and 5 μM of MK-2206 after 6 hours.](nihms549957f2){#F2}

![AKT inhibition by MK-2206 suppressed the growth of myeloid, erythroid and megakaryocytic colonies\
Assays for CFU-M (left), BFU-E (middle) and CFU-MK (right) were performed with a series of PMF and control specimens in the presence of 1-10 μM MK-2206. The experiment shows the average +/- SD for three independent samples for duplicate experiments performed on 3 PMF and 3 control CD34^+^ cells. P values for the difference in sensitivity between PMF and controls: CFU-M, p=0.022; BFU-E, p=0.069; CFU-MK, p=0.47.](nihms549957f3){#F3}

![MK-2206 reduces MPN disease burden in vivo\
Balb/c recipients of bone marrow donor cells expressing MPL^W515L^ were divided into 3 groups and treated with captisol (vehicle control), 60 mg/kg MK-2206 or 120 mg/kg MK-2206 (n = 8 per group) by oral gavage three times a week on a Mon-Wed-Fri schedule. Mice were sacrificed after 14 days of therapy and disease burden assessed. **(A)** Liver and spleen weights of treatment groups. Means +/- SD are shown, n=8. P values represent spleen/liver weights in 120 mg/kg group versus weights of vehicle treated mice. **(B)** White Blood Cell count (WBC) of mice from the 3 groups after 14 days of therapy, median values are highlighted in red. **(C)** May-Grunwald-Giemsa stained peripheral blood smears of control and MK-2206 treated animals (40X). **(D)** Western blot analysis of MPL^W515L^ whole bone marrow demonstrated abrogation of AKT phosphorylation after 7 days of MK-2206 treatment (60 mg/kg and 120 mg/kg).](nihms549957f4){#F4}

![MK-2206 reduces the megakaryocyte burden in a mouse model of PMF\
Cells from bone marrows of MPLW515L recipients treated with captisol (vehicle control), 60 mg/kg MK-2206, or 120 mg/kg MK-2206 for 14 days were harvested and stained with fluorescently conjugated antibodies against CD41or Mac1/Gr1. **(A)** Representative flow cytometry plots. **(B)** Bar graphs depicting mean +/- SEM of bone marrow megakaryocytes and myeloid cells (n=7 mice per group, p=0.05). 2 mice were excluded from the analysis due to poor engraftment. **(C-E)** Histologic sections of the liver **(C)**, spleen **(D)** and bone marrow **(E)** after 14 days of treatment. Scale bars represent 25 μM. The upper row represents H&E staining and the lower row displays immuno-histochemical staining of von Willebrand Factor (vWF). Arrows highlight the megakaryocytes in the H&E sections. Reticulin staining of bone marrow is shown in the bottom panels.](nihms549957f5){#F5}

![MK-2206 and Ruxolitinib synergize to inhibit growth of JAK2V617 mutant SET2 cells\
**(A)** All combinations of MK-2206 and Ruxolitinib tested give rise to strong synergy as evidenced by combination index (CI value). Fa, fraction of cells affected by the drugs. Data are representative of three independent replicates. **(B)** The combination of 500 nM MK-2206 and 125 nM Ruxolitinib, which alone do not show much of an effect on SET2 cell viability, synergize to give rise to robust cell death as measured by Annexin V staining. Representative plots of three independent biological replicates are shown.](nihms549957f6){#F6}
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